ABSTRACT: Practical application of fertility control technology in free-ranging wild ungulates often requires remote delivery of the contraceptive agent. The objective of this investigation was to evaluate the potential of remote delivery of leuprolide acetate for suppressing fertility in female elk (Cervus elaphus nelsoni). Fifteen captive adult female elk were randomly allocated to one of three experimental groups. Six elk were injected intramuscularly with a dart containing leuprolide, and the remaining nine elk received the same formulation without leuprolide. We determined pregnancy rates, suppression of luteinizing hormone (LH) and progesterone concentrations, and reversibility of treatments during 1 August 2002 to 3 September 2003. Leuprolide formulation caused a decrease in concentrations of LH and progesterone, temporary suppression of ovulation and steroidogenesis, and effective contraception (100%) for one breeding season. These results extend the practical application of this contraceptive agent to include dart delivery, where in the absence of such technology, wild elk must first be captured and restrained before treatment.
INTRODUCTION
There is an increasing need in protected environments such as urban parks and conservation areas for nonlethal methods of managing overabundant wild ungulates. Unregulated populations, if left unchecked, can have adverse effects on natural and human-dominated systems (Jewell and Holt, 1981; Diamond, 1992; Garrott et al., 1993) . Hunting and culling have traditionally been used to regulate animal numbers but there are a growing number of circumstances where these methods pose a significant liability (Decker and Connelly, 1989; McCullough et al., 1997) , and as a result, resource managers are seeking novel approaches to population control (Kirkpatrick and Turner, 1985; Bomford, 1990; Brush and Ehrenfeld, 1991) . One alternative is controlling the fertility of female animals. Fertility control offers a potential nonlethal method for controlling the growth of overabundant ungulate populations and considerable research has been directed toward the development of different contraceptive technologies (Fagerstone et al., 2002) . Additionally, development of this technology may provide benefits beyond its value as a management tool for balancing wild ungulates and their food resources. Fertility control has the potential to reduce the rate of disease transmission by regulating local host densities and pathogen shedding (Rhyan and Drew, 2002; Miller et al., 2004) . Simulation modeling indicates that, in some situations, fertility control can be as effective as culling in reducing endemic disease or the density of susceptible hosts (Hone, 1992; Barlow, 1996) .
Fundamental to practical application of contraceptives to wildlife is a safe and effective antifertility agent that can be remotely delivered to the target species. To attain this goal, research efforts have focused on the development and testing of ballistic systems and controlled drug release formulations that can remotely administer contraceptive agents to wild ungulates (Kreeger, 1997) . Contraceptive agents have been delivered via projectile dart or biodegradable implant to a variety of wild ungulate species including deer (Odocoileus spp.) (Turner et al., 1992; Jacobsen et al., 1995; DeNicola et al., 1997) , elk (Cervus elaphus nannodes) (Shideler et al., 2002) , wild horses (Equus caballus) (Kirkpatrick et al.,1990) , burros (Equus asinus) (Turner et al., 1996) , and elephants (Loxodonta africana) (Delsink et al., 2002) .
The use of gonadotropin-releasing hormone (GnRH) agonist implants to suppress short-term ovarian follicular growth and ovulation are well documented for a number of species including cattle (McLeod et al., 1991; D'Occhio et al., 1996) , sheep (McNeilly and Fraser, 1987) , monkeys , and humans (Broekmans et al., 1996) . However, few studies have established the efficacy of these agents for long-term suppression of ovarian activity and contraception (Trigg et al., 2001; Baker et al., 2002 Baker et al., , 2004 D'Occhio et al., 2002) and, to our knowledge, none have previously demonstrated effective contraception by dart delivery of the implant.
In previous research, we administered GnRH agonist leuprolide acetate by hand injection to captive female elk (Cervus elaphus nelsoni) (Baker et al., 2002) and mule deer (Odocoileus hemionus hemionus) (Baker et al. 2004 ) as a sustained release injectable implant and achieved 100% infertility for one breeding season. The implant formulation consisted of 45% w/w 75/25 poly(DL-lactide-co-glycolide) (PLG) polymer having an intrinsic viscosity of 0.20 dl/g dissolved in N-methyl-2-pyrrolidone (NMP) and containing 6% w/w leuprolide in the polymer solution. This formulation was designed to release the drug for a period of 3-4 mo after subcutaneous injection (Ravivarapu et al., 2000) .
In these previous studies, leuprolide formulation was demonstrated to be highly effective when delivered subcutaneously; however, it's not known if similar effectiveness can be achieved when administered as an intramuscular (IM) injection via dart. Differences in drug pharmacokinetics and metabolism between muscle and subcutaneous tissues could affect release dynamics of the implant and possibly decrease the antifertility properties of leuprolide.
Therefore, the objectives of this experiment were to determine in captive female elk (1) the effectiveness of remotely delivered intramuscular leuprolide implant in preventing pregnancy, (2) the effective duration of suppression of luteinizing hormone (LH) and progesterone secretion, and (3) the reversibility of infertility (if achieved).
MATERIALS AND METHODS

Experimental animals
During 1 August 2002 to 3 September 2003, we evaluated the effects of remotely delivered leuprolide formulation on pregnancy rates, LH, and progesterone secretion in captive female elk. Controlled experiments were conducted with 15 adult females (2-14 yr of age; 220-275 kg body weight [BW]), two intact adult male elk (3 yr of age; 350-400 kg BW), and one epididymectomized adult male elk (3 yr of age; 340-375 kg BW) at the Colorado Division of Wildlife's Foothills Wildlife Research Facility in Fort Collins, Colorado, USA. Captive elk used in this experiment were permanently maintained at this facility and were trained to repeated handling, weighing, blood-sampling techniques, and isolation pens. When not involved in the periodic intensive sampling procedures required by this study, elk were maintained in fenced pastures (5 ha) containing native vegetation and fed a diet consisting of ad libitum quantities of grass-alfalfa hay, grain supplement, trace mineral block, and water.
In an effort to induce normal cyclic ovulatory responses and synchronize estrus, we released an epididymectomized male elk with 15 seasonally anovulatory female elk on 20 July 2002 (McComb, 1987 . Four weeks later (21 August) and before assigning elk to experimental treatments, we assessed the reproductive status of each female by: (1) manual rectal palpation of the reproductive tract to diagnose ovarian status and identify any abnormalities, and (2) measuring the responsiveness of pituitary gonadotropes to an exogenous dose of GnRH analog. Females showing evidence of reproductive tract abnormalities or suppressed gonadotrope function were excluded from the experiment.
Experimental design
Fifteen female elk were randomly assigned to one of three experimental groups. Six elk (group A) were injected with a dart containing the polymeric matrix formulation of leuprolide acetate (D-Leu 6 -GnRH-Pro 9 -ethylamide). Four elk (group B) were designated as pregnant controls. They received the polymer solution without leuprolide to compare the effects of leuprolide formulation on pregnancy rates between treated and untreated elk. These two groups of elk were maintained together in the same pastures with two intact adult male elk from 13 September 2002 to 10 April 2003. The five remaining elk (group C) served as nonpregnant controls and were placed in a separate pasture (2 ha) without direct contact with male elk. We compared concentrations of LH and progesterone of these females to those treated with leuprolide formulation (group A). Nonpregnant control females (group C) provided a more representative comparison with treated elk for evaluating treatment-induced hormonal responses than potentially pregnant elk, thus the need for two separate control groups.
Treatments
Leuprolide implant formulation: The polymer, 85/15 poly (DL-lactide-co-glycolide) (PLG) with intrinsic viscosity 0.31 dl/g (Absorbable Polymer Technologies, Pelham, Alabama, USA) and N-methyl-2-pyrrolidone (NMP, International Speciality Products, Wayne, New Jersey, USA) were mixed in a ratio of 50:50 in a vial until the polymer was completely dissolved. The polymer solution was sterilized by ␥-irradiation at a dose of approximately 25 Gy (Isomedix, Morton Grove, Illinois, USA) and an appropriate amount of the sterilized polymer solution was filled into 1.2 luer-lock female syringes. For the leuprolide part of the system, the calculated volume of filtered aqueous solution of leuprolide acetate (Mallinkrodt, St. Louis, Missouri, USA) was filled in 1-ml male syringe barrels (BectonDickenson, Franklin Lakes, New Jersey, USA) and lyophilized. This formulation was designed to deliver a 32.5 mg dose of leuprolide at a controlled rate over a 180-day therapeutic period. A similar formulation was previously shown to suppress ovulation and pregnancy for one breeding season in captive elk when delivered subcutaneously by hand injection (Baker et al., 2002) .
Treatment application: On the day before treatment application (6 September 2002), experimental elk were moved from holding paddocks to individual isolation pens (5 ϫ 10 m), weighed (Ϯ0.5 kg), sedated with xylazine hydrochloride (Rompun; Bayer AG, Leverkusen; 25-200 mg/animal, IM) and fitted nonsurgically with indwelling jugular catheters. The next day, and just before injection, separate syringes containing the polymer and the leuprolide were connected and the contents mixed with 60 back-and-forth mixing cycles. The resulting homogenous dispersion was drawn into the male syringe, and the formulation was transferred into single-use, 1 ml, 13-mm-diameter, barbless darts equipped with gel-collared 32-mm-long needles (Pneu-dart, Williamsport, Pennsylvania, USA). The final concentration of leuprolide was 12% in the homogenous mixture of polymer solution and leuprolide acetate after mixing and was designed to deliver approximately 32.5 mg of leuprolide acetate to the elk. Control elk received only the polymer solution processed the same way but without leuprolide.
Prior to darting, individual elk were placed in a handling chute and lightly sedated with intravenous (IV) xylazine hydrochloride (15-20 mg/animal). This dose allowed animals to remain standing in the chute and minimized excitation associated with discharge of the dart gun. All elk were remotely injected with a dart fired from a CO 2 -powered pistol (DanInject, Wildlife Pharmaceuticals, Fort Collins, Colorado, USA). To determine accurately the precise dose of leuprolide formulation delivered to each elk, darts were weighed (0.001 g) before and after injection. With the exception of two animals, one dart per animal was fired from approximately 3 m into the area of the biceps femoris muscle of the standing elk. In two animals, the dart failed to discharge or only partially injected the prescribed dose. In these cases, we reweighed and fired additional darts until the complete dose was delivered to each animal. Once all elk had been treated, sedation was reversed with yohimbine (30 mg, IV) (Antagonil, Wildlife Laboratories, Fort Collins, Colorado, USA) and animals were returned to individual isolation pens.
Measurements
Twenty-four hour LH response to leuprolide treatment: Immediately following application of treatments to groups A and group C, we determined the amount of LH released during the initial 24 hr of the treatment period. Blood samples (5 ml) were collected via jugular catheters at 0, 120, 180, 240, 300, 360, 480, 600, 960 , and 1,440 min after drug injection. Catheters were flushed after each collection with sterile saline solution. After collections, blood was stored at 4 C for 24 hr until serum was obtained by centrifugation (1,500 RCF for 15 min), then stored at Ϫ20 C until analyzed for LH and progesterone. After the last blood collection, catheters were removed and animals were returned to holding paddocks. Eight days later, two intact male elk were placed into the same pasture with these females.
Duration of LH and progesterone response to leuprolide treatment: The effect of leuprolide formulation on the duration of suppression of LH and progesterone was determined by periodically conducting pituitary stimulation trials. These trials were performed before treatment application as an aid in the selection of animals for this experiment and periodically during 29 October 2002 to 3 September 2003 to determine pituitary responsiveness to an exogenous dose of GnRH analog (D-Ala 6 -GnRHPro 9 -ethylamide; Sigma Chemical Company, St. Louis, Missouri, USA).
Pituitary stimulation trials were conducted with elk in groups A and C elk at 50, 100, 150, 185, 215, and 361 days posttreatment. The final challenge trial (3 September 2003) provided hormonal evidence of the reversibility of leuprolide treatment. Stimulation trials were conducted according to the following procedures: On the day of testing, elk from groups A and C were moved from 5 ha pastures to individual isolation pens, weighed, sedated (as previously described), and fitted nonsurgically with indwelling jugular catheters. A bolus dose of GnRH analog (1 g/50 kg BW) was administered through the cannula and blood samples (5 ml) were collected at 0, 60, 120, 180, 240, 300, 360, and 480 min postadministration. Serum for progesterone analysis was obtained from the 0 hr blood sample for each animal on each of the trial days. Blood samples were handled as described previously. Following the last blood collection, catheters were removed, and elk were returned to holding pastures.
Reproductive response to leuprolide treatment: The effect of leuprolide formulation on reproduction in groups A and B was determined in two ways: (1) by measuring pregnancy rates using the presence or absence of pregnancy-specific protein B (PSPB) (BioTracking, Moscow, Idaho, USA) in serum collected at approximately 100 and 215 days of gestation (Huang et al., 2000) and (2) by observing the presence or absence of calves the following summer.
Analyses
Serum concentrations of LH were quantified by means of an ovine luteinizing hormone (oLH) radioimmunoassay (Niswender et al., 1969) . Elk serum was demonstrated to inhibit binding of 125 I-labeled oLH to LH antiserum in a manner that paralleled the standard (NIHoLH-S24). Similarly, when different quantities of oLH standard were added to elk serum and samples were subjected to radioimmunoassay, the values obtained were increased by the quantity of oLH added (r 2 ϭ0.99, slopeϭ0.92, ␤1ϭ0.22, Pϭ0.002). These data indicated that the radioimmunoassay provided a quantitative assessment of LH in elk serum. The limit of sensitivity of the LH assay was 0.02 ng/ml. Serum concentrations of progesterone were also determined by radioimmunoassay (Niswender, 1973) . Sensitivity of the progesterone assay was 0.12 ng/ml. Intra-and-interassay coefficients of variation for each of these assays were Ͻ10%.
Hormone concentrations are reported as untransformed arithmetic means (ϮSE). Responsiveness of the pituitary gland to GnRH analog stimulation was determined by the total amount of LH secreted (ng/ml/min), which was estimated by calculating the area under the LH response curve (Abramowitz and Stegun, 1968) . Differences among hormone concentrations were tested using least-squares analysis of variance (ANOVA) for general linear models (SAS Institute, 1997). Responses to treatment were analyzed with one-way ANOVA for a randomized complete block design with a repeated measures structure. Treatment effects were determined by using the total animal-within-treatment variances as the error term. Time was treated as a within-subject effect, using a multivariate approach to repeated measures (Morrison et al., 1976) . A "protected" least-significant difference test (Milliken and Johnson, 1984 ) was used to separate means when the overall F-test indicated significant treatment effects (PϽ0.05).
RESULTS
Intramuscular injection of leuprolide formulation via dart was 100% effective in suppressing ovulation and preventing pregnancy in captive female elk for one breeding season. All leuprolide-treated females (group A) tested negative and untreated controls (group B) tested positive for PSPB at approximately 100 and 215 days of gestation. No calves were born to treated elk, whereas the calving rate of untreated elk was 100%. The amount of leu-FIGURE 1. Twenty-four hour serum LH concentrations (ng/ml, meanϮSE) for untreated female elk (⅜, nϭ5) and female elk (ⅷ, nϭ6) treated with a 180-day sustained release implant formulation, containing approximately 32.5 mg of leuprolide acetate, remotely delivered via projectile dart. FIGURE 2. Total serum LH concentrations (ng/ ml/min, meanϮSE) for GnRH analog-induced release of LH for untreated female elk (⅜, nϭ5) and female elk (ⅷ, nϭ6) treated with a 180-day sustained release implant formulation, containing approximately 32.5 mg of leuprolide acetate, remotely delivered via projectile dart. Different lower case letters indicate significant differences between means (PՅ0.05).
prolide acetate delivered to each elk ranged from 22. 6 to 38.1 mg (xϭ33.1, SEϭ2.4). The lowest individual dose delivered (22.6 mg) was equally as effective as higher doses in suppressing hormone concentrations and pregnancy, suggesting that the minimum effective dose in elk could be substantially lower than the estimated dose (32.5 mg) used in this experiment.
We did not observe any unusual bleeding, swelling, or trauma at the injection site nor did any of the elk show evidence of impaired mobility, posttreatment tissue necrosis, or abscesses related to dart delivery of the bioimplant. However, additional research and testing is needed to improve the success rates of darts containing the leuprolide formulation. All (9/9) control darts (polymer solution only) discharged the entire prescribed dose, whereas 30% (2/6) of the darts containing the leuprolide formulation (leuprolide ϩ polymer solution) failed and an incomplete dose was delivered. Improved performance of dart delivery technology may require a lower viscosity polymer solution, a lower dose of leuprolide, or both.
Mean serum concentrations of LH increased (Pϭ0.015) in treated elk (group A) within 2 hr of leuprolide injection, peaked at 63.12Ϯ10.8 ng/ml (meanϮSE) 4.3Ϯ0.65 hr (meanϮSE) later, then gradually declined to baseline levels by 16 hr posttreatment (Fig. 1) . Levels of LH in group A were greater (Pϭ0.032) than those of untreated controls (group C) for 2-10 hr posttreatment, after which values decreased to baseline levels and were similar (Pϭ0.285) for both groups.
Results of periodic GnRH challenges revealed that leuprolide formulation reduced pituitary content of LH to basal concentrations for at least 215 days posttreatment, which was 35 days longer than the expected 180-day delivery period (Fig.  2) of the implant. Concentrations of GnRH analog-induced LH secretion were lower (Pϭ0.022) in leuprolide-treated elk (group A) than in nonpregnant controls (group C) at 50, 150, 185, and 215 days after treatment. Chronic suppression of LH in treated females was followed by a return to pretreatment levels, indicative of estrus, before the subsequent breeding season (September 2003; Fig. 3 ). In contrast to leuprolide-treated elk, the pituitary responsiveness of untreated elk (group C) to GnRH analog was elevated and relatively similar (Pϭ0.64) in magnitude during the first 185 days of the experiment, after which, these levels declined FIGURE 3. Serum profiles of mean progesterone concentrations (ng/ml, meanϮSE) for untreated female elk (⅜, nϭ5) and female elk (ⅷ, nϭ6) treated with a 180-day sustained release implant formulation, containing approximately 32.5 mg of leuprolide acetate, remotely delivered via projectile dart. Different lower case letters indicate significant differences between means (PՅ0.05).
(Pϭ0.087), presumably with the onset of seasonal anestrus (March). Similar (Pϭ0.582) to treated elk, pituitary responsiveness in control elk (group C) returned to pretreatment levels in September 2003.
Serum concentrations of progesterone in leuprolide-treated females (group A) followed a parallel pattern to that observed for serum LH (Fig. 3) . The suppressive effects of leuprolide on corpus luteum formation and steroidogenesis were readily apparent by the effects on serum progesterone concentrations in treated elk compared with controls (group C). Progesterone levels in treated elk declined (Pϭ0.017) to lower limits of detection by 50 days posttreatment and remained at those levels for the duration of the breeding period. For untreated elk (group C), serum progesterone was more variable and consistently higher (Pϭ0.043) than that for treated elk at 50, 100, 150, 185, and 215 days posttreatment. As evidence of normal estrous cycles and contraceptive reversibility, progesterone concentrations in both treated and untreated elk (group C) returned to pretreatment levels (Pϭ0.435) at the onset of the following breeding season.
DISCUSSION
In the present experiment, we evaluated the effectiveness of projectile dart delivery of leuprolide formulation as an antifertility agent in female elk. Leuprolide treatment resulted in decreased LH and progesterone secretion, presumably suppression of ovulation and steroidogenesis, and effective contraception (100%) for one breeding season, without adverse side effects.
The contraceptive effects of leuprolide followed a two-phase process. The first phase was characterized by an acute, transient rise in serum LH that gradually declined to basal concentrations at about 16 hr posttreatment. The second phase was defined by chronic inhibition of LH and progesterone secretion for the duration of the seasonal breeding period. Subsequently, normal ovarian function and fertility were re-established before the next breeding season. We infer from these patterns of hormone secretion that gonadotrope cells in female elk were down-regulated during treatment with GnRH agonist. The process of down-regulation has been described previously in other species and is initiated by long-term exposure to GnRH agonist. This effect causes a reduction in GnRH receptors on gonadotropes (Clayton, 1989) , depletion of pituitary LH and follicle-stimulating hormone content (Aspden et al., 1996) , and elimination of the preovulatory LH surge (Gong et al., 1995; D'Occhio et al., 1996) . These responses have been shown to result in ovulation failure and infertility, which persists as long as the agonist is present in circulation at therapeutic levels (Melson et al., 1986; D'Occhio et al., 2000) . Our findings are consistent with previous observations of acute and chronic responses reported in sheep (Dobson, 1985) , cattle (D 'Occhio et al., 1989; Gong et al., 1996) , horses (Montovan et al., 1990), deer (Becker and Katz, 1995) , and elk (Baker et al., 2002) treated with GnRH agonist.
Effective contraception in polyestrous, seasonal breeders depends on suppression of ovulation from the beginning of the breeding season to the onset of seasonal anestrous, a period of approximately 200 days in elk. Therefore, the timing of treatment application is an important consideration in successful contraception. Because of the acute rise in LH concentrations that occurs following GnRH agonist treatments, ovulation of growing follicles can be induced (Macmillan and Thatcher, 1991; D'Occhio and Aspden, 1999) . Therefore, to ensure effective contraception in female elk, leuprolide treatments should be applied before the initiation of seasonal estrus.
In the present study, leuprolide inhibited LH secretion and ovulation for at least 215 days, which is in close agreement with previous research, in which a subcutaneous dose of leuprolide suppressed LH levels for 190-250 days (Baker et al., 2002) . In other studies, implants containing GnRH agonist have been shown to suppress ovarian activity for a minimum of 150 days in mule deer (Baker et al., 2004) and almost 400 days in cattle (D 'Occhio et al., 2002) .
Persistent suppression of ovarian function, beyond the formulated delivery period of the implant, has been reported for several different species. Leuprolide suppressed LH and progesterone levels in elk in this experiment for at least 35 days longer (19%) than the expected 6 mo effective duration and 30-110 days longer in deer and elk in previous studies (Baker et al., 2002 (Baker et al., , 2004 . Similar observations of extended gonadotrope suppression have been reported previously in cattle (Bergfeld et al., 1996; D'Occhio et al., 1996) , monkeys , men (Hall et al., 1999) , and women (Broekmans et al., 1996) . The underlying mechanism for this effect is not completely understood, but it is thought to be an associated with prolonged dysfunction of gonadotrope cells rather than direct action on the ovaries (D 'Occhio et al., 2000; Aspden et al., 2003) . Regardless of the mechanism involved, the extended suppression of ovarian function, as a consequence of leuprolide treatment, is fundamentally essential to effective contraception in deer and elk.
In conclusion, intramuscular delivery of a sustained release formulation of leuprolide via dart resulted in effective suppression of ovarian function and fertility in female elk for one breeding season with a return to normal reproductive function the following year. These results are particularly important for wildlife applications where, in the absence of such technology, animals must first be captured and restrained before treatment.
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